Dislocation substructures of high-purity Mo single crystals deformed under uniaxial compression at room temperature to an axial strain of 0.6 % were investigated in order to elucidate the underlying mechanisms for the {01 1} anomalous slip in bcc metals [1] , which is also known as the violation of Schmid law [2] .
Introduction
Computer simulations and empirical studies of the core structure of single dislocation in bcc metals over the last few decades have made enormous contributions to interpret many abnormal mechanical behaviors of bcc metals: tension/compression stress asymmetry, high Peierls (friction) stress for the motion of screw dislocations, and strong strain-rate and temperature dependence of yield and flow stresses [3] . However, the single-dislocation core model remains inconclusive to elucidate a peculiar anomalous slip behavior of bcc metals, which occurs on planes for which the Schmid factors are fifth and sixth in the order of largest Schmid factors for the {110} <111> slip systems, and for which the resolved shear stress is less than half that on the (101) [111] primary system. Although numerous and intensive studies have been conducted for the last four decades since Duesbery [1] first reported the occurrence of anomalous slip in Nb single crystals in 1969, see reviews of the subject in the literature [4] [5] [6] [7] [8] [9] , the governing mechanisms remain elusive. Results of numerous studies have indicated that the anomalous slip in bcc metals in general occurs at low temperatures; it accompanies a high work-hardening rate and fine and planar slip traces, which are in contract to a low work-hardening rate in association with coarse and wavy slip traces as the anomalous slip becomes absent at elevated temperatures. Progress has been made recently on obtaining crucial evidences to rationalize the anomalous slip behavior of bcc metals through careful TEM observations of dislocation substructures evolved in the primary and anomalous slip planes of Mo single crystals that were oriented along a nominal "single-slip" orientation and were uniaxially tested at room temperature. It was found that instead of being caused by the motion of single-dislocations, the anomalous slip can be attributed to the collective effects of dislocation multiplication, interaction, and propagation. The novel results are reported and discussed here in order to depict the underlying mechanisms that lead to the Schmid-law violation of the crystal plasticity in bcc metals. It is interesting to note that one major reason Mo single crystals were chosen for the current study is due to the fact that {110} <111> is the only predominant slip system at room temperature [10] , which is different from other bcc metals such as Ta, Fe, and V, in which both {110} <111> and {112} <111> are the operative slip systems at room temperature.
Approach
Mo single crystals grown by a two-pass zone-refinement process were obtained from Accumet Materials Company, NY. The as-received crystals were then decarburized at 1800°C for 460 hours under an oxygen partial pressure of 2.1x10 -6 Torr followed by a 24-hour bake at 2300°C under an ultrahigh vacuum (UHV) of 10 -11 Torr. The residual resistivity ratio of the crystals was increased from 1890 to 4458 after the UHVpurification. The test sample used in this study has a square cross section that measures 5.5 mm on each side; the sample also has a length of 15 mm as illustrated in Figure 1a . Prior to the compression test, the test sample was heat treated at 1500°C for 1 hour, 1200°C for 1 hour, and 1000°C for 1 hour at a vacuum pressure of 8 x 10 -11 Torr. Testing of single-crystal sample involves compressing the test sample between two platen surfaces under precise conditions. Details of the experimental design and test apparatus were described elsewhere [11] . To measure shear strain during compression, resistance-strain gage rosettes were attached to the sides of the test sample. These rosettes measured the biaxial strain on the sample surface during deformation. A compression test was conducted on a single-crystal sample oriented with a stress axis parallel to a nominal "singe-slip" orientation of [ 2 9 20] , where the primary slip system, (1 01) [111] , is the only system that has a maximum Schmid factor (m = 0.5) as depicted in Figure 1b . Samples were then compressed to approximately 0.6 % axial strain at nominal strain rates of 10 -3 s -1 and 1 s -1 . TEM foils were sliced from an as-annealed crystal and the gauge section of the tested sample with the foil precisely sliced parallel to the (1 01), (01 1), and (011) planes. The foils were subsequently perforated by a standard twin-jet electropolishing technique in a solution of 75 vol.% ethanol and 25 vol.% sulfuric acid at 25 V and -10°C. TEM examinations of deformation substructure were mainly conducted from the sample tested at 1 s -1 .
(a) (b) Fig. 1 . (a) Geometry and dimensions of test sample [11] . The four faces of the sample are labeled as "A" through "D." The primary slip system, (1 01) [111] , is also labeled. (b) A list of Schmid factors for the {011} <111> slip systems in the [ 2 9 20]-oriented test sample. dislocation line in the as-annealed crystal contains many "grown-in" kink/jog segments and is found to be near-screw in character. It is also suggested that each dislocation line in the as-annealed crystal, instead of solely lying on a single plane as it is commonly believed, is in fact threading across many different planes.
Result and Discussion

Stress-strain response and slip trace analysis
In other words, the initial dislocations are in fact threading dislocations with numerous segments lying on different slip planes, which make a one-dimensional line defect to physically occupy a three-dimensional space in a bulk sample as illustrated in Figure 5c . 
Dynamic dislocation multiplication
Typical dislocation structures of samples tested at 10 -3 s -1 and 1 s -1 are shown in Figure 6 . The measured dislocation density increased by about two orders of magnitude to a range of 10 8 ∼ 10 9 cm -2 . In addition to long screw dislocations, many jogs and/or kinks (marked by arrows) were observed to form along the screw dislocations in the sample tested at 10 -3 s -1 (Figure 6a ). The average jog height and the free segments between jogs were found to increase significantly as compared to those observed in the as-annealed crystal.
While little dislocation debris was found in the sample tested at 10 -3 s -1 , much more dislocation debris and dipoles, presumably generated from the non-conservative motion of jogged screw dislocations, were observed in the sample tested at 1 s -1 (Figures 6b and 6c ). Since jog segments can act as effective pinning obstacles for the motion of jogged screw dislocation, it is accordingly postulated that each segmented portion of a threading dislocation can multiply and interact with one another very differently under different loading conditions. According to the Frank-Read dislocation multiplication mechanism [12] , dislocation can multiply by repeatedly bowing out a free segment of dislocation line lying in a slip plane, and the shear stress (τ) required to bow out a line segment (l) is given as: τ ≈ μb/l. Thus, there may exist a critical length (l * ≈ μb/τ a ) of free segment for a given applied shear stress (τ a ). Any length of free segment l which is smaller than l * will be permanently immobile, while any length of segment greater than l * are potentially mobile. It is therefore suggested that a jogged or threading screw dislocation can act as either an obstacle to impede dislocation motion, which will be further discussed later, or dynamic sources for dislocation multiplication and dipole formation depending on loading conditions that are further elaborated below.
When deformed under quasi-static conditions, screw dislocation segments (pinned by jogs) bow out between the superjogs under an applied shear stress (τ) to a curvature, as shown in Figures 7a and 7b , yet they are still immobile since the initial length (l o ) of each free segment is smaller than the critical length (l * ).
In addition to the force exerted on dislocation segments by the applied shear stress, each jog is subjected to a net force (F x ) parallel to the Burgers vector as a result of the bowing of unevenly spaced link segments between jogs under small strains, which is schematically illustrated in Figure 7c . The magnitude of net force can be expressed as:
where φ = σbl/2Γ, and Γ is the line tension. Applying Taylor expansion to cosφ, thus
The force causes large loop to grow at the expanse of neighboring short loops by drifting the jog at P. The jog drifting velocity (v j ) can be related to its mobility (D j /kT) according to the Einstein mobility relation [13] :
where D j is the jog diffusivity. That is, each jog in Figure 7b moves in such a direction so that the shorter segments become still shorter and the longer segments are expanded. The jogs of like-sign tend to coalesce in order to reduced line energy and result in the increase of jog height. Consequently, the stress-induced jog pile-up and coalescence renders an increase of both segment length and jog height; the jog coalescence continues until the segment length (l) and jog height (d) are greater than critical values (defined below) so that applied stress begins to push each line segment to precede multiple dislocation multiplication.
L > l * ≈ μb/τ, and
Here, a mutual attraction force between adjacent bowing edge segments of opposite signs can define d c .
That is, the originally immobile screw dislocations become multiple sources for dislocation multiplication as a result of the process of jog migration and coalescence.
When deformed under high strain-rate conditions, the nucleation and migration of double kinks on screw dislocations become more rapidly according to the following equation [10] :
where, v k is the migration velocity of double kinks, L the length of free segment, D k /kT the kink mobility, D k the kink diffusivity, W k the formation energy for double kinks, which is considered to be a function of stress, i.e. it decreases with increasing applied stress. Accordingly, the rapid increase of stress on a link segment causes the double-kinks to pile-up at the ends of the segment. This in turn causes the angle θ to increase rapidly to approach 90°, which causes the net force on a jog to vanish and thus retards the migration and coalescence of jogs. Under this circumstance, long jogs may still have sufficiently large jog-height to operate the "dynamic" sources. Jogs of small height, on the other hand, draw out dislocation dipoles, as illustrated in Figure 7e , in which the dipolar segments (marked by + and -) cannot by-pass one another as a result of a greater interaction force due to a small jog height. This leads to the formation of a tail of two edge dislocations with the same Burgers vector but of opposite sign, which is called a dislocation dipole. 
Coplanar dislocation arrays and cooperative slip systems
Dislocation structures in the sample tested at 1 s -1 were carefully investigated from the foils sliced parallel to the (101), (011), and (011) slip planes. In addition to the long screw dislocations and debris shown in Figures 6a and 6b , coplanar screw dislocation arrays were also found to form in these three planes 
Proposed mechanisms for the formation of coplanar dislocation arrays
It has been demonstrated in Figure 7 that the pre-existing screw dislocations associated with "grown-in" jogs can evolve from a self-pinning and immobile configuration into dynamic multiplication sources by a rate-dependent jog-coalescence process. Moreover, the self-pinning screw dislocations can also act as obstacles to impede dislocation motion, which are exemplified and elaborated in Figures 11a -11c . The mutual trapping and blocking of coplanar dislocation arrays and the formation of <100>-type junction dislocations can lead to not only the increase in glide resistance for dislocation motion but also the formation of dislocation pile-ups. Typical observations of the dynamic pile-ups of screw dislocations on the (101) planes caused by either the formation of junction dislocations or the mutual trapping of coplanar dislocation arrays are shown in Figures 13a and 13b , respectively. It should be noted that since the cross slip of screw dislocations is a thermally activated process, observations of the pile-ups of screw dislocations indicate that at room temperature a single screw dislocation in Mo is in continuous motion and has no driving force for cross slipping so as to by-pass an obstacle, i.e., slip remains planar. This in fact can lead to more severe stress concentrations as a result of the formation of dislocation pile-ups. The cross-slip of screw dislocation can however take place when a stress concentration (σ*) acting on the first screw dislocation in a pile-up array of n screw dislocations under an applied stress (σ), i.e., σ* = nσ [15] , exceeds a threshold stress for cross slip at zero temperature, i.e., stress-induced cross slip. 
Proposed mechanisms for the anomalous slip
Based upon the TEM results shown above, the {01 1} anomalous slip that occurred in the "single-slip"
oriented sample deformed at room temperature can accordingly be rationalized by the collective effects of dislocation multiplication, interaction, and propagation, which include the simultaneous operations of primary and cooperative dislocation sources, the formation and interaction of coplanar dislocation arrays, coplanar dislocation arrays and the formation of junction dislocations between the coplanar dislocation arrays (at site T) on the (011) plane.
Since the occurrence of anomalous slip is intimately related to the dynamic cross-slip of screw dislocations induced by local stress concentrations as a result of the mutual trapping and the dislocation pile-ups, it is suggested that the anomalous slip behavior of bcc metals is governed by the easiness of cross slip, which in turn is dependent on the strain rate and testing temperature. That is, when the cross slip of screw dislocations becomes prevalent under high-temperature and low strain-rate conditions, the mutual trapping and pile-ups of screw dislocations become less likely, and thus the anomalous slip phenomenon will be suppressed or vanished. Since collective effects of the cooperative dislocation multiplication, the (b) interaction between co-planar dislocation arrays, the mutual trapping and dislocation pile-ups can lead to the increase of not only the dislocation density but also the glide resistance for dislocation motion, it is anticipated that the work-hardening stage appears immediately after yielding.
Conclusion
The mysterious anomalous-slip phenomenon observed in bcc metals has been revisited and studied by conducting careful TEM examinations of the dislocation structures formed in the [ 2 9 20]-oriented Mo single crystals compressed at room temperature to an axial strain of 0.6 % at a strain rate of 1 s -1 . The results reveal that the initial or "pre-existing" screw dislocations associated with "grown-in" jogs in as- 
